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Abstract 
Electron beam drilling is an efficient method for microperforation. The technique using an electron beam for melting 
up and blowing out the material works in vacuum. Ablation is mainly based on the expulsion of the molten material 
by two competing mechanisms: evaporation of the workpiece as well as of the backing material. In this contribution a 
numerical finite volume OpenFOAM simulation model for beam-matter interaction in electron beam drilling is 
presented showing the transient dynamics of the process as well as the influence of various processing parameters. 
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1. Electron Beam Drilling 
Electron beam drilling is a highly efficient method for precise and reproducible microperforation of 
technical workpieces. Typical drill hole diameters are on the scale of 0.05 up to 1 mm in material of up to 
10 mm thickness, at perforation rates of 10 to 3000 holes per second. As electron beam drilling requires a 
vacuum, it is mainly applied when many holes in hard or brittle material are required [1, 2]. 
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Together with laser beam drilling, electron beam drilling is located in the group separation of the 
German DIN norms 8580 and 8590 in the subgroup thermal ablation [3, 4]. Electron beam drilling 
typically uses pulsed electron beams with durations of about 100 μs. Compared to laser beam drilling the 
electron beam drilling process is closest to single pulse drilling which uses pulses of similar durations and 
generates the hole with a single laser pulse [5]. With respect to beam-matter interaction the two processes 
are quite similar. Both processes are based on evaporation and expulsion of molten material. The energy 
is delivered by a pulsed beam. The main difference between electron and laser beam drilling is the 
absorption of the pulse energy. Whereas for metal workpieces, the laser pulse energy is typically absorbed 
on the surface within a penetration depth of less than 100 nm and reflections of the beam can occur in the 
drill hole, the electron beam with a penetration depth on the scale of 10 μm is rather absorbed in the 
volume of the processed workpiece. 
Fig. 1 shows the principle of the electron beam drilling process. A pulsed electron beam is focused 
onto a workpiece leading to its heating, melting and evaporation. Ablation is based on two processes: 
evaporation and melt expulsion. When the drill hole fully penetrates the sheet, the electron beam hits a 
backing material of low evaporation threshold. The additional evaporation pressure of the vaporized 
backing material leads to a final blow out of the remaining melt. 
 
 
Fig. 1. Electron beam drilling process 
2. Simulation Model 
In order to achieve a deeper understanding of electron beam drilling and to identify approaches for 
increased productivity and reduced feature size, a simulation model for electron beam drilling has been 
developed at the Chair of Photonic Technologies of the University of Erlangen. It builds up on a 
numerical model for laser beam matter interaction, that has been applied for the simulation of a variety of 
laser based manufacturing processes [6-14]. For model development OpenFOAM, an open source C++ 
based numerical simulation toolbox, was applied. It is based on the finite volume method [15, 16] and 
uses the volume of fluid approach [17, 18] for the multiphase description. The model considers both 
thermal and fluid mechanical effects. For the modeling of the energy input absorption according to 
Lambert Beer with absorption of 99 % of the energy within 50 μm penetration depth was assumed. The 
influence of the backing material was modeled as an external pressure on the backside of the sheet. 
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3. Simulation Results 
The numerical simulation model for electron beam drilling was applied in order to model the fine 
drilling of steel. For modeling of the drilling process typical electron beam fine drilling parameters were 
applied. The electron pulse has a medium power of P=800 W at  μs and is focused 
with a focal spot radius of r=50 μm onto a steel sheet with a thickness of d=0.5 mm. To model the 
backing material a pressure of pbacking=8 bar was applied at the bottom side of the workpiece. Fig. 2 shows 
the obtained simulation results for the evolution of the drill hole in the different phases of the drilling 
process. The electron pulse focused onto the workpiece leads to a heating, melting and evaporation of the 
material. In the first phase the ablation process is clearly dominated by the expulsion of molten material. 
After approximately 80 μs the drill hole fully penetrates the sheet and the pressure due to the evaporation 
of the backing material leads to an additional blow out of the melt. A corresponding timescale can be 
observed in high speed images of the process (see section 4). The entrance respectively exit diameter of 
the drill hole at the chosen parameters is 135 μm respectively 53 μm. These values show good 
correspondence with experimental observations of 153 μm ± 31 μm respectively 80 μm ± 4 μm (see 
section 4). 
 
 
Fig. 2. Simulation results electron beam drilling: power P=800  μs, focus radius r=50 μm (Gaussian), 
sheet thickness d=0.5 μm (steel), backing material pbacking=8 bar 
Building upon these results, a numerical study of the influence of process parameters in electron beam 
drilling was performed. For this purpose, based on the standard parameters applied in the simulation 
shown in Fig. 2, the p focus radius r were varied in order to analyze 
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their influence on the dynamics of the process and the obtainable processing results. Furthermore, the 
influence of the beam profile as well as the potential of temporal pulse shaping were studied. 
Fig. 3 shows the influence of the medium power of the electron pulse on the drilling process. With 
increasing power, the efficiency of the melt expulsion goes up. Melt accretions at the entrance side, that 
can be observed at powers P of 600 W and 800 W can no longer be observed at a power of P=1000 W 
due to the higher vapor pressure. At the same time, with increasing power an increase of the medium 
diameter of the drill hole can be observed. The entrance respectively exit hole diameter grows from 
126 μm respectively 37 μm at 600 W, 135 μm respectively 53 μm at 800 W to 154 μm respectively 
75 μm at 1000 W. This can be attributed to the higher energy input. 
 
Fig. 3. Influence of pulse power P on the electron beam drilling process (  μs, focus radius r=50 μm 
(Gaussian), sheet thickness d=0.5 μm (steel), backing material pbacking=8 bar): a) P=600 W; b) P=800 W; c) P=1000 W 
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The influence of the pulse duration on the electron beam drilling process is shown in Fig. 4. It shows 
drilling processes at a pulse power of P=800 W  μs, 120 μs and 140 μs. With 
increasing pulse duration respectively energy input, an increase of the exit hole diameter can be observed. 
It increases from 45 μm for 100 μs, 53 μm for 120 μs to 69 μm for 140 μs. The diameter of the entrance 
hole stays nearly constant at a value of 135 μm. This demonstrates that in the later phase of the drilling 
process absorption mainly occurs at the exit side of the drill hole, where it is still narrower. 
 
 
Fig. 4. Influence of  on the electron beam drilling process (pulse power P=800 W, focus radius r=50 μm 
(Gaussian), sheet thickness d=0.5 μm (steel), backing material pbacking=8 bar): a)  μs; b   μs 
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The focus radius r of the electron beam mainly determines the efficiency of the melt expulsion, as the 
power density grows quadratic with decreasing r. Fig. 5 shows the influence of the focal spot size r on the 
dynamics of the electron beam drilling process. It shows simulation results for focal spot sizes r of 40 μm, 
50 μm and 60 μm. It becomes obvious, that with decreasing focal spot size, due to the higher power 
density in the focus, melt expulsion is stronger and starts at an earlier stage of the drilling process. For a 
focal spot size of r=60 μm the lower power density leads to insufficient melt expulsions and melt 
accretions at the entrance side of the drill hole at the end of the process. 
 
 
Fig. 5. Influence of the focus radius r on the electron beam drilling process (pulse power P=800  μs, 
Gaussian beam, sheet thickness d=0.5 μm (steel), backing material pbacking=8 bar): a) r=40 μm; b) r=50 μm; c) r=60 μm 
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Furthermore, the influence of the beam profile on the electron beam drilling process was analysed. For 
this purpose Gaussian and top hat shaped beam profiles were compared (see Fig. 6). 
 
 
Fig. 6. Influence of beam profile on the electron beam drilling process (pulse power P=800 W, pulse duration  μs, focus 
radius r=50 μm, sheet thickness d=0.5 μm (steel), backing material pbacking=8 bar): (a) Gaussian; (b) Top Hat 
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The simulation results show clear differences between the two beam shapes. The beam profile mainly 
determines the shape of the evolving drill hole during the process. The higher power density in the center 
of the Gaussian beam leads to stronger melt expulsion and a tapered drill hole shape. Due to the 
homogeneous power density distribution, the evolving drill hole with the top hat profile is more stump. 
The entrance hole diameter of the top hat profile with a diameter of 157 μm is slightly bigger than for the 
Gaussian beam. The exit hole diameters are nearly identical on the scale of 50 μm. 
 
 
Fig. 7. Influence of pulse shape on the electron beam drilling process (pulse power P=800  μs, focus 
radius r=50 μm, sheet thickness d=0.5 μm (steel), backing material pbacking=8 bar): (a) falling sawtooth pulse; (b) rising 
sawtooth pulse 
In order to study the potential of temporal pulse shaping on the electron beam drilling process two 
further pulse shapes were regarded. Fig. 7 shows simulations of the drilling process for a falling and a 
rising sawtooth pulse. Apart from the temporal pulse shape the drilling parameters were chosen identical 
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to those in the previous investigations. The results show, that the temporal pulse shape has a significant 
influence on the process dynamics and the ablation mechanisms. In the case of a falling sawtooth pulse 
(compare Fig. 7 a) the high power at the beginning of the drilling process has the effect, that the ablation 
process is dominated by evaporation and only small amounts of melt occur. In the opposite case of the 
rising sawtooth pulse (compare Fig. 7 b) at the beginning the power is not sufficient to evaporate all the 
material. The remaining melt is casted out in the second process phase by the rising vapour pressure as 
well as by the pressure due to the evaporating backing material when the molten zone touches the 
backside of the sheet. The final drill hole is slightly wider, as ablation by melt expulsion is more efficient 
than ablation by evaporation. 
4. Experimental evaluation 
In order to evaluate the developed numerical simulation model for electron beam drilling a comparison 
of the simulation results with experimental results was performed. For this purpose, electron beam fine 
drillings fabricated by pro-beam AG at parameters identical to those applied in the numerical simulations 
were analyzed metallurgically.  
 
 
Fig. 8. Experimental results electron beam fine drilling (power P=800  μs, focus radius r=50 μm, sheet 
thickness d=0.5 μm (steel)): (a) SEM images of entrance holes; (b) SEM images of exit holes; c,d) grindings of drilled 
holes 
Fig. 8 shows scanning electron microscope images of entrance and exit holes as well as grindings. The 
rough burr that can be seen in the SEM images as well as the molten zone visible in the grindings show 
that during the drilling process melt expulsion plays a dominant role. A statistical analysis of the entrance 
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respectively exit hole diameters delivered values of 153 μm ± 31 μm respectively 80 μm ± 4 μm. The 
values are slightly bigger than those obtained from the process simulation (135 μm respectively 53 μm), 
but reflect the same size scale. The slight deviations can be explained on the one hand by experimental 
uncertainties in the processing parameters, especially the focal spot size, as well as by the relatively 
strong assumptions that have been made in the simulation model for modeling the backing material. 
Furthermore, high speed imaging of an electron beam drilling process was performed. Fig. 9 shows a 
high speed image series of a drilling process of 0.5 mm steel with an electron pulse of 140 μs. The results 
show, that from the beginning melt expulsion occurs due to evaporation of the workpiece. After 80 μs a 
second stage of melt expulsion caused by the blow out due to evaporating backing material starts. The 
spillings that can be observed in the high speed images are similar to those obtained in the numerical 
process simulations. 
 
 
Fig. 9. High speed image series of electron beam drilling (power P=850 W, p  μs, focus radius r=60 μm, sheet 
thickness d=0.5 μm (steel)) 
5. Summary and conclusions 
In this contribution a numerical finite volume simulation model for beam-matter interaction, originally 
developed for laser material processing, has been applied in order to simulate the electron beam drilling 
process. The model allows an analysis of the process dynamics of electron beam drilling with a high 
spatial and temporal resolution. The simulation results obtained for experimental standard processing 
parameters in electron beam fine drilling show good agreement with experimental data. The timescales of 
the simulated drilling process are confirmed by high speed imaging, the drill hole shape delivered by the 
simulation model is identical to the shape observed in metallurgical grindings and the obtained entrance 
and exit hole diameters are on the same scale as in the experiment. 
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The model was applied in order to analyze the influence of processing parameters on the process 
dynamics and processing results of electron beam drilling. It is able to describe the influence of pulse 
power, pulse duration, focus radius, beam profile and temporal pulse shape on the process dynamics and 
processing results. The presented results show that the total beam intensity is a significant factor for the 
efficiency of the melt expulsion. Furthermore, the simulation results demonstrate that temporal pulse 
shaping is a powerful means to influence and optimize the ablation process. 
Based on the similarities in beam-matter interaction between electron and laser pulses, the conclusions 
drawn for electron beam drilling regarding process dynamics and pulse parameter trends are to a certain 
extent transferable to other processing techniques using pulsed beams, like laser beam drilling. 
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